Recently, we have proposed that the origin of anomalously long interatomic distances in suspended gold chains could be the result of carbon contamination during sample manipulation [S. B. Legoas et al., Phys. Rev. Lett. 88, 076105 (2002)]. More recently, however, other works have proposed that hydrogen instead of carbon should be the most probable contaminant. We report ab initio molecular dynamics results for different temperatures considering different possible contaminants. Our results show that at nonzero temperatures (more realistic to simulate the experimental conditions) hydrogen may be ruled out and carbon atoms remain the best candidate for contamination.
With the advent of nanotechnology, considerable effort has been devoted to the study of contacts at nanoscale [1] . Particularly, metallic nanowires have attracted special attention, since they represent one-dimensional electron systems where the mutual interactions and disorder have essential consequences [2] . The quantization of the conductance is a result from the low dimensionality and phonon-free behavior of nanowires. Another interesting property is the evolution into linear chains composed by one or a few self-suspended atoms. This structural effect has been observed in metals such as gold, silver, platinum, cobalt, and palladium [3] . In the case of gold nanowires, the observation of anomalously long interatomic distances before bond breaking has represented a challenge for theoretical interpretation. The normal nearestneighbor distances in gold fcc bulk is 2:88 A, and the equilibrium gold-gold interatomic distance in a Au dimer is 2:48 A [4] . In linear gold atomic chains (ATCs), several HRTEM (high resolution transmission electron microscopy) studies have revealed [5] [6] [7] [8] [9] [10] [11] interatomic distances ranging between 2.9 and 3:6 A, as well as extremely long distances close to 5
A [12] . From the experimental point of view there are many reasons to consider the presence of contaminants in ATCs that could explain these anomalously long gold-gold interatomic distances.
In general terms the contrast in HRTEM images is due to elastic scattering of electrons; for these processes the cross section is much weaker for low atomic number elements (i.e., H, C, N, O, etc.). Thus, these light atoms cannot be detected in conventional HRTEM imaging [5, 7, 8, 13] , as confirmed by image simulations [13] . If contaminants are present in the atomic chains, they most likely originated from the residual gases of the microscope vacuum chamber. Among the possible molecular and atomic species, we consider that very light atoms such as hydrogen can be discarded because they could be very easily swept off from the observed region by the high current (30-100 A=cm 2 ) of high-energy electrons (200 -300 kV), which is necessary to make the ATC images. This beam effect, actually based on moment transfer (''knock on''), is a well-known phenomenon in the electron microscopy analysis of low atomic number systems, such as biological or polymeric samples [14] . The most frequent contamination produced inside a highenergy beam apparatus is amorphous carbon, which is easily identified in electron energy loss spectroscopy studies [14] . In simple terms, this phenomenon is associated with the fact that carbon is not easily volatile (requires high temperature, 3000 -4000 K), and also because the pure carbon phase is solid at room temperature.
In order to understand the behavior of metallic nanowires many theoretical studies have been carried out, using different techniques such as molecular dynamics and density functional theory (DFT) [4, [15] [16] [17] . From these studies, it was not possible to reproduce the experimentally observed large interatomic distances. Recently [18] , we have proposed that the presence of carbon atoms as contaminants could explain these distances. Using DFT techniques [19] we were able to reproduce the long gold-gold interatomic distances in excellent agreement with the available experimental data. In a more recent work, Novaes et al. [20] have reported DFT calculations for gold nanowires under stress. They analyzed the geometric features generated by different atomic contaminants and concluded that hydrogen instead of carbon should be the best candidate to explain the experimentally observed large interatomic distances. Earlier work by Skorodumova and Simak [21] , using a different DFT approach, had also led to the proposition of hydrogen as the most probable contaminant.
In order to address these discrepancies between different theoretical approaches and the available experimental data, a more detailed theoretical analysis is needed. In this Letter we report such analysis modeling situations VOLUME 93, NUMBER 21 In all our simulations we have used relativistic allelectron DFT total energy methods. We have used the DMol3 package [19] in the local density approximation, with a Wang-Perdew [22] exchange-correlation functional. A double numerical basis set with polarization functions were also considered. We have adopted the naked cluster approach, where no hydrogen or dummy termination atoms are used. This is a standard procedure for metallic clusters [23, 24] . Also, ab initio DFT results by Sanchez-Portal et al. [17] , for suspended gold chains in the form of naked finite and infinite structures, showed that the geometries are almost the same for both cases. This is an indication that the naked approach is physically valid for linear chains.
We have analyzed stressed gold atomic chains considering the presence of atomic contaminants (H or C) in different configurations. In order to demonstrate the quite differentiated structural behavior induced by temperature effects, we have considered two distinct approaches: (i) zero temperature calculations (quasistatic approach); in this case, only geometrical optimization (energy minimization) was applied in each self-consistent step, and (ii) nonzero temperature calculations (dynamic approach). Molecular dynamics calculations were carried out in the microcanonical ensemble (constant number of particles, volume, and energy) for different temperatures (300 and 500 K).
In all the calculations the contaminated structures were generated with the impurity atom positioned at distances of 1:5
A above midcenter gold-gold bonds. Symmetrical and nonsymmetrical configurations were considered. The stress condition imposed on the linear chain was simulated by freezing the position of the terminal gold atoms during a calculation step and then increasing the chain length by 0:1 A. In Fig. 1 we present the quasistatic results for the case of a wire with five gold atoms and one H impurity atom. As the chain length is increased, the total energy as well the Au3-Au4 distance also increases. When the Au3-Au4 distance reaches 3:5
A a chain structural transition occurs giving rise to an abrupt increase in the Au-Au bond distance that contains the H atom. The total energy decreases due to the atomic rearrangement. The observed discontinuous changes in energy and bond lengths as well as the energy and bond-length profiles beyond this point are characteristic signatures of bond rupture.
In Fig. 2 and Table I, representative quasistatic results for H and C contaminations just before the chain rupture are presented. The Au-Au distances containing the impurity just prior to breaking are 3:5-3:6
A for H and 3:8 A for C impurities. We observe that our results are in very Table I.   TABLE I . Quasistatic results for the interatomic distances (in A) for H and C contaminated linear gold chains, just before chain rupture. Labels dp; q refer to the distances between gold atoms p and q, as shown in Fig. 2 . Au-Au distances, containing the impurity, are displayed in boldface. good agreement with the ones obtained by Novaes et al. [20] , especially considering that they have used a generalized gradient approximation for the exchangecorrelation potential, and we used the local density approximation. These results provide additional evidence that the naked approach we used is physically valid, since it produced results very similar to those derived from more complex structures containing large contacts [20] . The experimental data for bond-distance distribution from HRTEM experiments exhibit the highest peak value at 3:6 A [7, 18] . The obtained quasistatic results for hydrogen and carbon (3.6 and 3:8 A, respectively) indicate hydrogen values closer to the experimental ones. However, considering that the experimental error bar is 0:1-0:2 A [7] , both hydrogen and carbon must be considered. For the experimental reasons mentioned earlier, it is unlikely that hydrogen would be present as a contaminant in the HRTEM experimental conditions. As we show later this apparent contradiction between the theoretical results and the experimental evidence can be removed if the temperature effects are explicitly taken into account.
In Figs. 3 and 4 and in Table II , we present representative molecular dynamics results (300 K) for the case of a chain with five gold atoms and 1 H impurity. From Fig. 3 we can observe a significant variation of the Au4-H bond length [d4; H]. When the d3; 4 gold-gold distance reaches 3:2 A, the Au4-H bond length is 4 A [Fig. 4 (e) and Table II , configuration 4e], indicating the H is no longer bonded to Au4. For this temperature, the hydrogen atom cannot provide enough structural stability to attain Au-Au distances such as 3:6 A; the chains break much before this value. Even considering the upper limit of the reported distance error bar (0:2 A), the results for hydrogen are incompatible with the experimental data. In other words, the H impurity cannot act as a bond bridge between the gold atoms. In contrast with the quasistatic case, when temperature is explicitly taken into account, hydrogen atoms have to be ruled out as candidates to explain the unusual large interatomic distances (3:5-3:8 A) observed in HRTEM experiments. This situation can be better visualized from the movie files of the dynamical results for temperatures of 300 and 500 K (see movies 1 and 2 [25] ).
On the other hand, the situation is completely different for the case of carbon as an impurity. Our results show A. The corresponding interatomic distances are presented in Table II. TABLE II. Molecular dynamics results for the interatomic distances (in A) for a H contaminated linear gold chain, at different time steps of the simulation at 300 K (Fig. 4) . Labels dp; q refer to the distances between the atoms p and q, as shown in Fig. 4 . Au-Au distances, containing the H impurity, and the Au4-H distance, when the hydrogen impurity is no longer linked to the gold atom, are displayed in boldface. From configurations 4c to 4d, the d4; H bond length increases from 1.95 to 2:26 A; however, the d3; 4 gold-gold bond length increases only from 3.05 to 3:09 A. When the Au3-Au4 bond attains 3:26 A, the H impurity is no longer linked to the Au4 atom, and the chain just broke at the Au3-Au4 bond. Configuration d1; 2 d2; 3 d3; 4 d4; 5 d3; H d4; H [ Fig. 4(a) ( Fig. 5 and movie 3 [25] ) a different kinetic behavior for C atoms. A wide variation of the Au-C-Au distances before chain rupture is observed. The chains can exhibit Au-C-Au distances as large as 3:8 A before rupture. Even at 500 K these large distances can survive, in very close agreement with the available experimental data. We can thus conclude that considering a more realistic description of the experimetnal HRTEM conditions, explicitly taking into account thermal effects, carbon atoms remain the best candidate to explain the apparent large unusual Au-Au distances, and hydrogen has to be ruled out.
This work was supported in part by the Brazilian agencies CNPq, FINEP, IMMP/MCT, and FAPESP. A can survive at 500 K stabilized by the presence of a carbon atom. This is not observed for H impurities, because the Au-Au bond breaks much before it can attain 3:2 A. The arrows indicate the stretching direction.
